1. Introduction
===============

In the last two decades, Li-ion batteries (LIBs) have occupied the portable-electronics market as a primary power supplier with a higher gravimetric and volumetric capacity than other rechargeable-battery systems (e.g., Ni--Cd, lead--acid, redox-flow, and metal-ion batteries). However, current LIB technologies cannot satisfy the energy and power requirements of a wide range of applications, from portable electronic devices to all-electric vehicles and smart grids.\[[@b1]\] In this regard, battery roadmaps from the Department of Energy (DOE, USA)\[[@b2]\] and the New Energy and Industrial Technology Development Organization (NEDO, Japan)\[[@b3]\] indicate that successful development of progressive LIBs will become a top priority for nations around the world. Hence, there are significant research challenges regarding all kinds of battery components, including cathodes, anodes, current collectors, electrolytes, and separators.

Regarding anodes in particular, substituting graphite with high-capacity alternative materials has been highlighted as a crucial challenge in practice. Although conventional graphite anodes exhibit excellent electrochemical performance, such as a long cycle life, low irreversible capacity loss, and low volumetric expansion (\<17 %) during charging and discharging,\[[@b4]\] they cannot satisfy the fast-growing demands for high energy storage owing to their low theoretical capacity of 372 mAh g^−1^ and the safety problems of Li deposition. Considering these issues, Li alloys have great potential as alternative anodes owing to their high charge density and moderate operation potential compared with Li/Li^+^.\[[@b5]\] Among these alloys, Si has attracted interest as the most outstanding candidate material for next-generation LIB anodes, exhibiting the following remarkable advantages: 1) extremely high gravimetric (3579 mAh g^−1^) and volumetric capacities (2190 mAh cm^−3^) with the fully lithiated alloy state (Li~15~Si~4~) at room temperature;\[[@b6]\] 2) a low operation potential (∼370 mV vs. Li/Li^+^),\[[@b7]\] which is profitable for the implementation of high-power and high-energy cells in accordance with the high theoretical capacity of Si; 3) eco-friendliness, abundance,\[[@b8]\] and inexpensiveness comparable to those of graphite.\[[@b5],[@b9]\] However, despite these merits of Si, its intrinsic drawbacks yield difficult challenges in the practical application of Si anodes. First, alongside its low conductivity (∼10^−3^ S cm^−1^)\[[@b10]\] and Li diffusion coefficient (between 10^−14^ and 10^−13^ cm^2^ s^−1^),\[[@b11]\] Si suffers an extremely large volume variation (∼400 %) during the Li insertion and extraction reactions.\[[@b12]\] The induced stress and strain due to this volume variation cause a severe material collapse and electrical isolation, resulting in a low coulombic efficiency (CE) and rapidly declining capacity.\[[@b13]\] Repeated volume expansion and contraction yields an unstable solid electrolyte interphase (SEI) between the re-exposed Si surface and electrolyte during cycling, which leads to an increase in the internal impedance and a deleterious effect on the electrochemical reactivity due to the accumulation of the insulated SEI products. These extreme volume changes present a crucial challenge for overcoming the failure mechanism of Si anodes and must be addressed in order to secure the stability of the entire electrode and thereby improve the battery performance.

Unlike previous reports regarding the comprehensive engineering of Si anodes to improve the battery performance,\[[@b14]\] this review focuses on the representative strategies for accommodating the volume change of Si anodes, including size-controlled materials and sophisticated structures such as a patterned thin film, porous structure, shape-preserving shell design, and graphene composite (Scheme [1](#fig01){ref-type="fig"}). We summarize the battery-performance improvements and propose perspectives and future challenges for realizing the application of Si anodes in practical LIB systems.

![Representative strategies for volume-change-accommodating electrode.](celc0002-1645-f7){#sch01}

2. Strategy for Designing Volume-Change- Accommodating Electrodes
=================================================================

2.1. Size-Controlled Materials
------------------------------

Generally, researchers agree that moving from bulk to nanoscale engineering is the most effective strategy to significantly impact the electrochemical performance by addressing the intrinsic problems of the Si anode.\[[@b14],[@b15]\] Nanosized Si can successfully relieve a severe lithiation-induced strain and even resist fractures and pulverization when the size is below the critical limits, that is, 150 nm for crystalline Si and \>870 nm for amorphous Si.12b,\[[@b16]\] The behavior of nanosized Si during cycling were demonstrated by in situ transmission electron microscopy (TEM) and mathematical modeling.12a Kim et al. investigated the effect of the size of the Si on electrochemical reactions, reporting elastic volume change as the size approached 10 nm.\[[@b17]\] In addition, a high specific surface area between the electrolytes and nanostructured electrodes stimulates the charge transfer across the electrode/electrolyte interface.\[[@b18]\] Furthermore, the rate of Li alloying/dealloying reactions can be improved significantly with nanomaterials having small dimensions, owing to the reduced characteristic time constant (*t*) in the diffusion, which is given by *t*=*L*^2^*D*^−1^ (*L*: diffusion length, *D*: diffusion coefficient).\[[@b18]\] These merits enable the nanosized Si not only to help in accommodating severe volume changes with its improved mechanical properties but also to provide improved electrochemical properties. In light of the improved battery performance of the nanosized Si particle,\[[@b19]\] one-dimensional (1D) nanowires and nanotubes have attracted attention for retaining structural integrity and efficient charge transport. For example, Si nanowires that were directly grown on stainless steel exhibited a high battery performance owing to the prior benefits of the nanosize effects and the 1D electronic path of the wire structure.\[[@b20]\] Si nanotubes, which retain suitable voids in the wire structure, can also efficiently accommodate volume changes and provide good electrochemical properties.\[[@b21]\] Thus, reducing the material size and applying it to some kind of structure comprise an essential preliminary approach for increasing the electrochemical properties and handling the large volume change during cycling.

2.2. Patterned Thin Films
-------------------------

In past decades, thin-film electrodes have been studied to elucidate the fundamental properties of Si owing to their simple model for both simulations and experiments, including their mechanical behavior during cycling and their phase evolutions.\[[@b19]\] Regarding the strategies for resolving the volume-change problem, thin-film engineering has played an important role in clarifying the stress evolution of Si anodes during cycling.19e,19f Based on the mechanical estimation of the behavior of the thin-film electrodes, their architecture has advanced with patterns that can accommodate the volume change of Si. Xiao et al.\[[@b20]\] and Soni et al.19f successfully fabricated a Si-patterned thin-film electrode and calculated the critical size (5.1--8.9 μm) of the pattern for preventing cracks in the electrode (Figure [1](#fig01){ref-type="fig"} a). Sophisticated honeycomb patterns that enabled the elastic behavior of the Si during cycling were reported by Baggetto et al.\[[@b21]\] (Figure [1](#fig01){ref-type="fig"} b); an alumina-coated patterned amorphous Si electrode that protected the side reactions and enhanced the fracture resistance of the Si was designed by He et al.\[[@b22]\] (Figure [1](#fig01){ref-type="fig"} c). As representative models for a volume-change-accommodating electrode design, Si-patterned thin films can effectively relieve the mechanical stress via suitable voids between the patterns upon volume expansion and exhibit superior electrode stability with material integrity upon cycling. Therefore, Si-patterned thin-film anodes, which provide a high specific capacity, superior rate capability, and cycling stability, remain a candidate for fundamental study and application in new battery systems such as microbatteries\[[@b23]\] and flexible batteries.\[[@b24]\]

![Thin-film strategies for volume-change-accommodating electrode. a) Relationship between the critical crack spacing (*L*~cr~) in the Si film and critical size of Si patches (*L*) against interfacial delamination. Plastic localization inside Si patches induces interfacial delamination when *L* is larger than *L*~cr~ which is calculated as 5.1--8.9 μm with 100 nm of thickness.\[[@b20]\] b) Behavior of honeycomb patterns during lithiation/delithiation.\[[@b21]\] c) SEM images of alumina coated patterns before and after 1st lithiation in top view.\[[@b22]\] Reprinted with permission from Refs. \[[@b20],[@b22]\]\]. Copyright 2011 Elsevier B.V; Copyright, 2011 John Wiley & Sons, Inc.; Copyright, 2011 John Wiley & Sons, Inc.](celc0002-1645-f1){#fig01}

2.3. Porous structures
----------------------

Si architectures incorporating pores and voids are considered effective for alleviating the volume variation of the Si electrode during the electrochemical cycling.\[[@b25]\] Recently, Li et al. reported the mesoporous Si sponge (Figure [2](#fig02){ref-type="fig"} a)---which is synthesized from an Si wafer through electrochemical etching---as an anti-pulverization structure, performing a theoretical estimation and an in situ TEM analysis (Figure [2](#fig02){ref-type="fig"} b).\[[@b26]\] They calculated the structural changes of their material, reporting a correlation between the expansion rate and the pore radius after full lithiation, as well as the range of volume change upon lithiation. The calculation corroborated an in situ TEM analysis, indicating that the volume change of the Si particle was greatly reduced. This porous structure for anti-pulverization---with a porosity of 80 %, surface area of ∼494.7 m^2^ g^−1^, pore size of 50 nm, and Si wall thickness of 10 nm---achieved\>81 % capacity retention over 1000 cycles (Figure [2](#fig02){ref-type="fig"} c). Moreover, even with an increasing area-specific capacity (\>3 mAh cm^−2^), the bulk electrode provided great cycling behavior. Similarly, Ge et al. reported porous doped Si nanowires synthesized from P-doped Si wafer using a mathematical model.\[[@b27]\] In their model, a higher maximum stress is generated after lithiation as the ratio of the initial pore radius (*r*) to the pore-to-pore distance (*l*), that is, the porosity, decreases. Using this model, they fabricated a porous nanowire with a pore diameter and wall thickness of 8 nm (Figure [2](#fig02){ref-type="fig"} d), which exhibited extremely stable cycling behavior over 2000 cycles (Figure [2](#fig02){ref-type="fig"} e). These two studies verified that managing the porosity can certainly improve the capacity retention by providing a marginal volume for the Si expansion and maintaining the structural integrity of the Si anodes.

![Mesoporous silicon sponge (MSS) (a--c)\[[@b26]\] and porous boron-doped silicon nanowires (d,e).\[[@b27]\] a) SEM images of MSS in low magnification and high magnification. b) In situ TEM images of MSS before lithiation (left) and after 160 min of lithiation (right). c) Cycle performance of MSS for 1000 cycles. d) Morphological investigation of porous boron-doped silicon nanowires with SEM (upper left), TEM analysis and pore-size distribution. e) Cycle performance of the porous boron-doped silicon nanowire. Reprinted with permission from Refs. \[[@b26],[@b27]\]\]. Copyright 2014, Macmillan Publishers Ltd; Copyright 2012, American Chemical Society.](celc0002-1645-f2){#fig02}

Porous Si has also attracted considerable attention for industrial applications owing to the demonstration of scalable top-down processes such as wet etching in almost all studies covering porous Si.25b,\[[@b28]\] Recently, Ge et al. reported the large-scale fabrication of porous Si from cheap metallurgical Si through simple stain etching with HF and Fe(NO~3~)~3~ (Figure [3](#fig03){ref-type="fig"} a).\[[@b29]\] The resulting porous Si had an exposed surface area of 70 m^2^ g^−1^; a pore volume of 0.133 cm^3^ g^−1^ with nanopores; and a porosity of 22±3 %, which was estimated by 3D tomography. This porous Si exhibited an enhanced cycling performance for 160 cycles compared with non-etched metallurgical Si, retaining a capacity of \>1,400 mAh g^−1^ at 0.2 C. Zhang et al. suggested another scalable synthesis method for porous Si/C composites that employs the Rochow reaction, which is the most economical way to produce organosilane monomers (Figures [3](#fig03){ref-type="fig"} b,c).\[[@b30]\] They utilized unreacted waste comprising Si, metal compounds, and deposited C and synthesized porous Si/C composites by acid washing, carbonization at 900 °C, and wet etching. The resulting porous Si/C composite was 2--60 μm in size and contained micropores of 2--5 μm in size with a coated C layer and an interfacial space between the Si and C layer, which enables the average capacity-fading rate to be as low as 0.15 % per cycle for 100 cycles. Although top-down method can be considered wasteful, the economic production of porous Si is possible when cheap reactants are utilized, as in the aforementioned examples.

![Scalable porous silicon (a)\[[@b29]\] and porous silicon/carbon composite (b,c).\[[@b30]\] a) Synthesis of porous silicon particles and morphological characterization with TEM analysis. b) Synthesis of porous silicon/carbon composites through the Rochow reaction. c) SEM images of bulk Si powder (top) and the porous silicon/carbon composite (bottom). Reprinted with permission from Refs. \[[@b29],[@b30]\]\]. Copyright 2014, American Chemical Society; Copyright 2014, John Wiley & Sons, Inc.](celc0002-1645-f3){#fig03}

2.4. Shape-Preserving Shell
---------------------------

Since the first report of the design of Si with a shape-preserving C shell in 2010,\[[@b31]\] this architecture has attracted attention as an effective model for volume-change-accommodating electrodes. Hertzberg et al. developed an ingenious Si deformation model with a suitable nanospace (Figure [4](#fig04){ref-type="fig"} a) and then fabricated a thin Si tube confined by a Li-ion permeable C-shell layer (Figure [4](#fig04){ref-type="fig"} b). In this design, the rigid C shell allows the Si--Li alloy to expand inward rather than outward, preventing the entire electrode from undergoing Si volume expansion. This distinctive behavior yields stable SEI formation upon cycling because the continued growth of the SEI layer is restricted owing to the prevention of the morphologic changes in the external surface area. Thus, stable cycling performances for over 250 cycles demonstrated that this design effectively improved the electrode stability, exhibiting an average CE greater than 99.6 % after the first cycle (Figure [4](#fig04){ref-type="fig"} c). Similarly, Cui\'s group designed a series of analogous concepts: a double-walled Si nanotube\[[@b32]\] (Figure [4](#fig04){ref-type="fig"} d); a yolk--shell design\[[@b33]\] (Figure [5](#fig05){ref-type="fig"} a); a pomegranate-inspired design\[[@b34]\] (Figure [5](#fig05){ref-type="fig"} d); and, most recently, a micrometer-sized porous Si particle with a nonfilling C coating\[[@b35]\] (Figure [5](#fig05){ref-type="fig"} e). Wu et al. suggested a double-walled Si nanotube comprising inner Si and outer Si oxide as a mechanical clamping layer. Although the electrochemical test was performed with a small mass loading (0.02--0.1 mg cm^−2^), this architecture set the world record for the stable cycling of a Si anode with 6000 cycles at 12 C (Figure [4](#fig04){ref-type="fig"} e). To develop the industrially scalable fabrication of Si anodes, a yolk--shell design comprising a commercial Si nanoparticle yolk and a 5--10 nm-thick C shell was developed by Liu et al. (Figure [5](#fig05){ref-type="fig"} b).\[[@b33]\] The electric and ionic conducting C shell and empty space between the yolk and shell allowed the Si to be lithiated and delithiated steadily for 1000 cycles (Figure [5](#fig05){ref-type="fig"} c). Recently, inspired by the yolk--shell structure, a pomegranate-inspired structure wherein the primary particles (yolk--shell) formed the secondary particles (pomegranate) through bottom-up micro emulsion was developed, exhibiting an increase in the tap density and a high mass loading with a stable, long cycle life.\[[@b34]\] On the other hand, a micrometer-sized porous Si particle with a nonfilling C coating was designed for practical applications by reducing the cost and improving volumetric capacity with a high mass loading.\[[@b35]\] The cross-sectional scanning-electron-microscopy (SEM) analysis supported the effectiveness of the volume-change accommodation for the structure (Figure [5](#fig05){ref-type="fig"} f).\[[@b35]\] In conclusion, taking a panoramic view of the research on the shape-preserving shell design, these strategies clearly prevent side reactions due to electrolyte decomposition and mechanical fractures, thereby realizing the stable cycling of the Si anode.

![Silicon tubes with shape-preserving shell of carbon (a--c)\[[@b31]\] and SiO~*x*~ (d,e).\[[@b32]\] a) Schematic of silicon tube with a carbon shell. b) SEM (left) and TEM (right) images of the silicon tube with carbon shell. c) Cycle stability of the silicon tube with carbon shell. d) Schematic of double-walled silicon nanotube showing stable SEI layer during cycling. e) Long-term cycle performance of double-walled silicon nanotube. Reprinted with permission from Refs. \[[@b31],[@b32]\]. Copyright 2010, American Chemical Society; Copyright 2012, Macmillan Publishers Ltd.](celc0002-1645-f4){#fig04}

![Yolk--shell structures (a--c)\[[@b33]\] and recent studies with shape-preserving carbon shells (d--f).\[[@b34],[@b35]\] a) Schematic of yolk--shell-type design. b) TEM images of yolk--shell-type Si. c) Cycle stability of yolk-shell type Si. d) Schematic of pomegranate-structured silicon describing snug void spaces for volume expansion and stable SEI layer after cycling. e) Schematic of nonfilling carbon coating of porous micrometer-sized silicon particles. f) Investigation of thickness change of the electrode after 100th cycle with SEM images. Reprinted with permission from Refs. \[[@b33]--[@b35]\]. Copyright 2012, American Chemical Society; Copyright 2014, Macmillan publishers Ltd.; Copyright 2015, American Chemical Society.](celc0002-1645-f5){#fig05}

2.5. Graphene Composites
------------------------

Graphene has received great attention for many years as an ideal matrix of composite materials for high-performance LIB anodes owing to their excellent electronic and mechanical properties.\[[@b36]\] In this regard, the impressive beneficial properties of graphene, such as a great electrical conductivity and high flexibility, can be utilized on Si composites to provide an electrical network throughout the whole electrode and accommodate the volume changes of Si during the electrochemical cycling. Recently, remarkable behavior of a graphene-based Si nanocomposite was reported by Ko et al. (Figures [6](#fig06){ref-type="fig"} a,b).\[[@b37]\] They succeeded in the facile fabrication of an idealized composite structure by a modified Hummers method and the thermal decomposition of silane gas (SiH~4~). The composite exhibited island-shaped amorphous Si nanoparticles (*a*-SiNPs) \<10 nm in size that were strongly anchored on the graphene backbone and very well distributed over the entire graphene surface (Figures [6](#fig06){ref-type="fig"} c,d). The *a*-Si characteristic and island morphology effectively relieved the induced strain and stress and prevented the interference between adjacent particles during the volume expansion. In addition, the highly flexible graphene yielded a synergetic effect with a critical size of *a*-SiNPs for elastic behavior, providing an unprecedented decrease in electrode thickness after cycling as a result of self-compacting. This indicates that the fabricated electrode with loosely interconnected composite sheets self-compacted until reaching the rational electrode thickness with the proper agglomeration during cycling without any cracks on its surface. Hence, this sample exhibited outstanding performance in mitigating the detrimental effects of the volume expansion/contraction and improving electronic conductivity, charge transfer, and Li-ion diffusion. As a result, a high specific reversible capacity, excellent power capability, and good cycling stability during 1000 cycles were achieved. Furthermore, a full cell test demonstrated remarkable capacity retention at fast charge/discharge rates. Hence, continuous investment and research for applying graphene to Si anodes are required for the development of next-generation anode materials.

![Amorphous silicon/graphene composite. a) Schematic of Si/Graphene composite exhibiting self-compacting behavior during cycling. b) Electrode thickness decrease of the composite after 100th cycle and top view SEM images of the electrode before and after 1st cycle. c) Low-magnification and high-magnification (inset) SEM images of highly porous graphene sheets. d) High-resolution TEM images of amorphous silicon/graphene composite in low and high magnification (inset). Reprinted with permission from Ref. \[[@b37]\]. Copyright 2014, American Chemical Society.](celc0002-1645-f6){#fig06}

3. Conclusions and Outlook
==========================

Severe volume change during cycling, which has a deleterious effect on battery performance, is the most critical challenge to be resolved in Si anodes. We discussed outstanding strategies for realizing a volume-change-accommodating electrode with a sophisticated architecture of Si anodes. Developing a porous nanosized Si structure is an essential preliminary approach for alleviating the induced stress and stimulating the electrochemical properties. A patterned thin-film structure allows a high rate capability and cycle stability with elastic behavior during the Li insertion/extraction process. Besides, a porous structure can yield a marginal volume when Si becomes lithiated and also provides large active sites, incorporating the increased specific surface area of numerous pores. However, the high specific area generally creates serious side reactions with electrolyte decomposition, yielding a low CE and an increase in the internal resistance due to by-products.\[[@b18]\] To cope with the side reactions and the volume-change problem, a shape-preserving shell design was devised that not only maintains the integrity of the Si via confined voids in its composites but also enables the stable formation of the SEI layer. The graphene composite presents impressive potential for accommodating volume changes, together with excellent electrical and mechanical properties and flexibility, resulting in self-compacting behavior.

These efforts regarding the volume-change problem have certainly yielded progress toward the practical application of Si anodes. However, several challenges remain to be resolved. First, the development of novel surface-coating methods and stable electrolytes to reduce the side reactions is an impressive challenge, especially for nanostructured Si. In addition, reducing the HF derived from fluoroethylene carbonate (FEC), which is widely used in Si anodes to stabilize the SEI layer, is required because substantial capacity fading occurs as the HF attacks both the cathodes\[[@b38]\] and Si.\[[@b39]\] Second, the relatively low density of nano- and porous structures can decrease the volumetric energy density.15b Therefore, the elaborate tailoring of the porosity in the electrode is necessary to prevent an undesirable decrease in the volumetric energy density. Finally, in order to apply the Si anode to commercial LIBs and achieve a high energy density, the change in the electrode thickness after tens of cycles should be examined in calendered Si anodes having an electrode density greater than 1.6 g cc^−1^, as an industrial standard.
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